Several morphometric MR imaging studies have investigated age-and sex-related cerebral volume changes in healthy human brains, most often by using samples spanning several decades of life and linear correlation methods. This study aimed to map the normal pattern of regional age-related volumetric reductions specifically in the elderly population.
T
here is enormous variability in the way different areas of the brain react to aging, and patterns of selective age-related neuroanatomic changes may be explained on the basis of brain ontogeny and phylogeny, 1 because late-maturing brain structures would be more susceptible to age-related decline. Accordingly, MR imaging studies that measured brain volumes by using regions of interest placed on different brain portions have shown age-related volume decrements preferentially in associative neocortical regions (mainly involving the prefrontal cortex and temporal lobe). 2, 3 More recently, MR imaging investigations have used automated voxel-based morphometry (VBM) methods that allow unbiased assessments of regional gray matter (rGM) changes associated with healthy aging across the entire brain; these studies have reported significant negative correlations between gray matter (GM) volumes and age in neocortical regions (indicating greater GM loss than the overall degree of GM decrement in the brain), in contrast to findings of positive correlations in limbic and paralimbic structures (which would suggest that rGM volumes did not decrease in the same proportion as the overall degree of GM loss in the brain). [4] [5] [6] [7] [8] Besides age, sex may also influence brain morphology, and several MR imaging studies have specifically investigated sex differences in the pattern of age-related volumetric brain changes. [8] [9] [10] [11] [12] [13] Some of them have reported that men have greater age-related brain GM decline in the frontal and temporal lobes, 12 whereas women have a larger degree of rGM reduction in the hippocampus, parietal lobe, 11 and visual cortex. 12 It is of critical importance to clarify further whether there are significant sex differences in brain volumetric changes related to aging, given the differential incidence of neurodegenerative diseases in men and women. 14 Most of the MR imaging studies cited above have investigated sex-and age-related cerebral volume changes either in relatively small groups of healthy elderly subjects or in larger samples across the entire lifespan. 5, 10, 15 The latter aspect limits the conclusions that can be drawn from these studies, given that brain-aging processes may not follow a regular pattern across different stages of the lifespan. Moreover, the inclusion of younger subjects in the samples studied makes it difficult to distinguish age-related volumetric changes associated with brain maturation from those involved in brain aging. 16 In addition, most cross-sectional morphometric MR imaging studies of healthy aging to date were restricted to the investigation of linear relationships between age and rGM indices. However, it is possible that the relationship between age and the volumes of certain brain regions would be better explained by nonlinear models. 2, 5, 17 The presence of variable nonlinear patterns of correlations between age and GM volumes across separate brain portions could partially explain discrepancies in the results of previous MR imaging studies of healthy aging and differences in the significant findings between neocortical and limbic/paralimbic regions when only linear models are applied. In support of the latter proposition, Kennedy et al 3 have recently investigated a large sample of healthy adult volunteers (n ϭ 200) from 18 to 81 years of age by using both VBM and manual region-of-interest-based volumetry. They reported significant inverse relationships between age and brain volumes by both methods and found that the use of VBM-derived information across voxels contained in specific anatomically defined region-of-interest masks confirmed the nonlinearity of patterns of age-related volume changes detected by manual volumetry. 3 The primary purpose of this MR imaging study was to map an accurate profile of regional age-related volumetric reductions specifically during adult elderly life and to assess whether age-related volumetric reductions in separate brain structures occur in different degrees of severity and following distinct linear or nonlinear models. We predicted that there would be age-and sex-related GM loss in neocortical frontal and temporal regions and volume preservation in temporolimbic structures. Initially, we used the conventional VBM approach to conduct a voxelwise search for significant linear correlations between GM volumes and age. Subsequently, by using regional brain-volume estimates obtained with anatomically defined region-of-interest masks, we investigated whether the relationship between rGM volumes and age would be best predicted by linear or nonlinear models. We chose to focus our analysis on a narrow age range so that our findings would better fit the profile of brain aging in such a specific period of elderly life.
Materials and Methods

Subjects and Assessment Schedules
The study sample was selected from a community-based data base of elderly individuals recruited for the São Paulo Ageing and Health (SPAH) study, 18, 19 an epidemiologic investigation aimed at determining the incidence and prevalence of dementia, other mental disorders, and risk factors for these conditions. Between 2003 and 2005, 2072 participants were selected, interviewed, and examined for the first wave of the SPAH study. Two years later, they were recontacted for a new assessment with the same clinical protocol (second SPAH wave). Identification of cases of dementia and other major psychiatric disorders followed the protocol developed by the 10/66 Dementia Research Group. 20 This protocol included the following instruments:
the Community Screening Instrument for Dementia; an adapted version of the 10-word list of the Consortium to Establish a Registry for Alzheimer Disease (CERAD); the animal-naming verbal fluency task from the CERAD; the Geriatric Mental State; a structured neurologic assessment; and a structured cardiologic evaluation. Our cross-sectional MR imaging investigation was performed concurrently with the second SPAH wave. The pool of possible participants was created after inspection of the epidemiologic data bank from the SPAH study so that we could ascertain the following exclusion criteria: incomplete 2-year clinical follow-up; active hypo-or hyperthyroidism; epilepsy; lung or liver diseases; major psychiatric disorders; Ͻ3 months of psychoactive drug abstinence; and personal or first-degree family history of neurodegenerative disorders (including mild cognitive impairment). The criterion for cognitive impairment was defined as a performance in the cognitive battery of 1.5 SD below the mean performance obtained from all subjects between 65 and 75 years of age from the original SPAH sample. Data concerning age, blood pressure, diabetes mellitus, smoking, and cholesterol level were extracted to generate the Framingham Coronary Heart Disease Risk (FCHDR) index, a summary index of cardiovascular risk. 21 On the day of MR imaging, subjects were assessed with the Hamilton Depression Rating Scale and the global function assessment scale from Diagnostic and Statistical Manual of Mental Disorders-IV. Educational data of each subject were extracted from the SPAH study data base. In brief, we considered 4 years of education if subjects completed the fourth grade, 8 years if subjects completed the eighth grade, 11 years if subjects completed high school, and 15 years if subjects completed college. When one of these educational periods was not completed, the number of years until dropout was considered in the estimate of mean years of education.
Following their order of entry in the SPAH study, we consecutively contacted potentially eligible subjects by telephone, invited them to take part in the MR imaging study, and checked for the presence of the following MR imaging contraindication: carrying of a cardiac pacemaker, valvular prosthesis, or other internal electrical/ magnetic devices; history of neurosurgery or cerebral aneurysm; presence of metal fragments in the eyes, brain, or spinal cord; and claustrophobia. Only individuals who were Յ75 years of age at the time of recruiting were included in this MR imaging study (age range of 8 years, from 67 to 75 years). The MR imaging study received approval from the local Committee for Ethics and Research, and written consent was obtained from all subjects.
Imaging Data Acquisition
MR imaging data were acquired by using a 1.5T Signa LX CVi scanner (GE Healthcare, Milwaukee, Wis). The acquisition protocol included the following: 1) a dual spin-echo sequence of 120 transaxial sections across the entire brain (axial Parkinson disease/T2) with a TR/TE of 2800/25 ms and a 5-mm section thickness; 2) a T2-weighted fast spinecho transaxial sequence with 88 images, a TR/TE of 4200/12.5 ms, an echo-train length of 16, and a 5-mm section thickness; 3) a 3D gradient-echo (spoiled gradient-recalled acquisition [SPGR]) sequence of 124 sections with a TR/TE of 121 /4.2 ms, an FA of 20°, a 220-mm FOV, a 1.5-mm section thickness, NEX of 1, and a 256 ϫ 192 matrix.
Datasets were readily reconstructed and visually checked by an experienced radiologist.
MR Image Processing
VBM analyses were performed on the SPGR datasets by using Statistical Parametric Mapping software (SPM2; Wellcome Department of Imaging Neuroscience, London, UK), executed in Matlab Version 5.3 (MathWorks, Natick, Mass). We used optimized VBM protocols, 4 taking into account the structural characteristics of elderly brains. First, a standard template set was created specifically for the study, consisting of an average T1-weighted image and a priori GM, white matter (WM), and CSF templates based on the images of all subjects. To create these study-specific templates, we spatially normalized images to the standard SPM T1 MR imaging template on the basis of 152 healthy subjects from the Montreal Neurologic Institute (MNI). 23 This spatial normalization step was restricted to linear 12-parameter affine transformations to minimize deformations of our original images. Spatially normalized images were then segmented into GM, WM, and CSF compartments with a modified mixture-model clusteranalysis technique. 4 Finally, images were smoothed with an isotropic gaussian kernel (8-mm full width at half maximum) and averaged to provide the GM, WM, and CSF templates in stereotactic space. Subsequently, the processing of the original images from all subjects was performed, beginning with image segmentation with the study-specific a priori GM, WM, and CSF templates. Extracted GM and WM images were then spatially normalized to the customized GM and WM templates with 12-parameter linear and nonlinear (7_9_7 basis functions) transformations. The parameters resulting from this spatial normalization step were then reapplied to the original structural images. These fully normalized images were then resliced with trilinear interpolation to a final voxel size of 2_2_2 mm 3 and segmented into GM, WM, and CSF partitions. Voxel values were modulated by the Jacobian determinants derived from the spatial normalization. Finally, all images were smoothed with a 12-mm gaussian kernel.
Statistical Analysis
VBM-based linear correlations between age and GM volumes were performed with the general linear model based on random gaussian field theory. 24 Only voxels with values above an absolute GM threshold of 0.05 entered the analyses. Resulting statistics at each voxel were transformed to z-scores and displayed as SPMs into standard space, at a threshold of z ϭ 3.09. These analyses were conducted with covariance for the amount of GM in the brain and included the FCHDR index of each subject as a confounding variable. The strategy of including the global GM covariate, given by the total number of voxels within the GM compartment of each subject, led, on the analyses for negative correlations, to the identification of localized brain areas in which age-related GM losses were greater than the overall degree of GM decrement in the brain. Conversely, the statistical maps for positive correlations, covariates for total GM, indicated the localized brain regions in which GM volumes did not decrease in the same proportion as the overall degree of GM loss in the brain. Each SPM was initially inspected in a hypothesis-driven fashion, searching for voxel clusters in brain regions in which volumetric changes had been predicted a priori (frontal and lateral temporal cortices) and in temporolimbic regions in which volumetric preservation was expected (hippocampus, parahippocampal gyrus, and amygdala). This hypothesis-driven analysis was conducted by using the small-volume correction method, with the purpose of constraining the total number of voxels included in the analysis. Each region was circumscribed by merging the spatially normalized region-ofinterest masks, 3 which are available within the Anatomical Automatic
Labeling SPM toolbox (Wellcome Department of Imaging Neuroscience). Seven region-of-interest masks were used in each hemisphere, involving, respectively, the dorsolateral frontal, dorsomedial frontal and orbitofrontal cortices; lateral temporal neocortex; amygdala; hippocampus; and parahippocampal gyrus. Any Pearson correlation indices within those 14 regions of interest were reported as significant if surviving family-wise error (FWE) correction for multiple comparisons was P Ͻ .05. Subsequently, the SPM maps were inspected for volumetric changes in unpredicted regions across the entire brain. Such unpredicted findings were reported as significant only if they survived correction for multiple comparisons at a FWEcorrected P ϭ .05 threshold (voxel level) over the whole brain. 24 In all analyses, we converted MNI coordinates of voxels of maximal statistical significance to the Talairach and Tournoux atlas. 25 To investigate sex-specific differences in the pattern of age-related rGM loss, we repeated the above voxelwise calculations of linear correlation indices between GM and age (covariate for global GM and corrected for cardiovascular risk as assessed by using FCHDR scores) after dividing our sample by sex (men [n ϭ 45] and women [n ϭ 57]).
For the nonlinear regression analyses, mean rGM volumes of each subject were extracted with the use of the 14 above-mentioned region-of-interest masks 3 and entered into the Statistical Package for the Social Sciences, Version 10.0 software (SPSS, Chicago, Ill). A multiple regression analysis was performed with rGM volumes entered as dependent variables, age as an independent variable of interest, and total brain GM volume and FCHDR group as covariates. The goodness of fit of first-and second-order polynomial expansions was assessed, and results were reported only if at least 1 of the regression models achieved the significance level set at P Ͻ .05. Finally, a regression statistical analysis was also performed for the total cerebrum GM volume: Age was entered as an independent variable of interest and the FCHDR group was entered as a covariate. Regression analyses were performed initially for the overall sample (entering sex as a covariate) and then separately in the male and female subgroups.
Results
The sample investigated in the current study included 132 consecutively recruited cognitively healthy elderly subjects (mean age, 70.36 Ϯ 2.38 years). The qualitative visual inspection of brain images led to the exclusion of a total of 26 subjects (19.70%) due to the presence of at least 1 silent infarct and 4 subjects (3.0%) due to artifacts during MR imaging. Thus the final study sample comprised a total of 102 cognitively healthy subjects (mean age, 70.17 Ϯ 2.28 years). A summary of their demographic and clinical characteristics is given in Table 1 . Table 2 summarizes the significant clusters of relative agerelated GM change detected by using VBM. Local areas of negative correlations in the overall sample, indicating accelerated GM-volume decrease, were observed in the right temporal neocortex, involving the middle and superior temporal gyri. We found no significant positive correlations indicating relative GM preservation in the overall sample. The voxelwise search for significant negative correlations between rGM volumes and age separately in men and women revealed differences in the patterns of GM reduction associated with aging in the 2 subgroups (Table 2 and Fig 1) . In the female subgroup, there were no regions showing significant negative correlations between GM volumes and age. In the male subgroup, a focus of significant negative correlation between GM volume and age was detected in the right middle and superior temporal gyri, similar to the finding observed in the overall sample. The male subgroup had additional voxels displaying significant negative correlation with age in other brain areas that were not implicated in the analysis of the overall sample, namely the right dorsomedial frontal cortex, the orbitofrontal cortex bilaterally, the left parahippocampal gyrus, and the amygdala bilaterally.
Voxel-Based Analysis of the Effects of Age and Sex on rGM Volumes
Foci of significant positive correlations between GM volumes and age were not detected either in male or in female subgroups at the P FWE Յ 0.05 threshold. However, a trend toward relative GM preservation was found in a cluster of 160 voxels encompassing the right inferior and middle temporal gyri in women (P FWE ϭ 0.053, P uncorrected Ͻ 0.001).
Multiple Regression Analysis
Results from the regression analyses of global GM and rGM volumes (as estimated by using region-of-interest masks) versus age are presented in Table 3 and Fig 2. In the overall sample (N ϭ 102), the rate of global GM decline was best fit by a quadratic model (adjusted R 2 ϭ 0.243, P ϭ .043), with relative GM preservation until the beginning of the eighth decade and accelerated volumetric loss from then onward. The rather low R 2 value means that other variables are involved in the variability of these values. There were no significant findings of rGM interaction with age in the overall sample.
The results regarding best-fitting regression models for the separate male and female subgroups are also provided in Table  3 and Fig 2. The finding of a cubic profile of global GM volume changes did not retain statistical significance in the separate analysis. Regarding regional volumetric changes, there were significant findings for the temporolimbic regions of interest but not for neocortical regions. The left amygdala and the right parahippocampal gyrus presented a significant linear profile of brain aging in men, with accelerated GM decline. Also, a quadratic regression model, indicative of an increase in GM vulnerability to aging, was found in the left parahippocampal gyrus, with relative preservation until 70 years of age and accelerated GM loss from then onward. There were no significant findings for the female subgroup.
Discussion
This cross-sectional morphometric MR imaging study investigated the relationship between aging and GM volumes in a relatively large sample of nondemented elderly subjects, testing both linear and nonlinear models. To the best of our knowledge, this study is the first of its kind to use a population-based design to recruit a relatively large number of individuals at this narrow age range from the same circumscribed geographic area.
Age-Related rGM Volumes in Neocortical Regions
In agreement with our prediction, our VBM analysis showed, in the overall sample, foci of negative correlations between rGM volumes and age, located in the middle and superior temporal gyri. These findings confirm and extend previous results of significant negative correlations between age and measures of rGM volumes in neocortical regions. 4, 5, 7 The lateral temporal cortex is one of the neocortical portions most consistently found to display decreased GM in neuroimaging investigations of normal aging. 2, 3, 6 We provide herein evidence that this process continues at least until the eighth decade of life. In addition, age-related decreases in the dorsomedial frontal and orbitofrontal cortices were found in men. This is in agreement with the findings of several large morphometric MR imaging studies that reported age-related dorsal prefrontal and orbitofrontal volume decline in human samples spanning greater age ranges, including younger subjects. 3, 4, 6, 10 The most likely explanation for the particular vulnerability of neocortical regions to age-related atrophy is their structural complexity and late maturation, as postulated by the evolutionary theory of Hughlings Jackson. 1, 26 Contrary to the VBM findings, the multiple regression analyses using region-of-interest masks revealed no significant findings involving the temporal neocortical and frontal regions. This is in agreement with recent data indicating that in morphometric MR imaging studies of healthy aging estimates based on peak values in VBM analyses may be more sensitive in uncovering age differences compared with region-of-interest-based measurements. 
Age-Related GM Changes in the Medial Temporal Region
We also predicted a lack of relative age-related GM decrements in medial temporal structures on the basis of findings of significant GM preservation of temporolimbic regions with aging in previous VBM-based MR imaging studies that spanned large age ranges from childhood to elderly life. [4] [5] [6] However, there were no positive correlations indicating volume preservation in limbic structures during the seventh and eighth decades of life. Instead, our VBM analysis revealed increased vulnerability to age-related volumetric decline in the left parahippocampal gyrus and in the amygdala bilaterally in the subsample of cognitively healthy male elders. Moreover, the estimation of regional brain volumes from the VBM data using region-of interest masks uncovered a pattern of agerelated volumetric variability that was best fit by a quadratic model in the left parahippocampal gyrus in men, indicating an acceleration of GM decline from the beginning of the eighth decade onward in such temporolimbic regions. The above results support the view that there is possibly an increase in the vulnerability of temporolimbic brain structures to age-related changes in advanced stages of elderly life (most evidently in male subjects), and atrophy of such regions should be seen as compatible with normal brain aging. 27 rGM metabolic and volumetric decline in the hippocampus/parahippocampal gyrus is considered an important biomarker for the early detection of Alzheimer disease, 28, 29 and it has been suggested that the presence of volumetric decline in limbic structures should be considered a sign of pathologic brain aging. 28, 29 However, recently published structural and functional imaging studies reported findings that are consistent with the results described herein, 2, 27, 30 and the paucity of previous morphometric MR imaging studies specifically evaluating cognitively healthy subjects in the age range assessed in our study 7, 27 may have reinforced the concept of medial temporal atrophy as necessarily denoting pathologic changes of the aging brain. Findings of rGM volume and/or metabolic preservation in the hippocampal region in healthy aging are mainly found in studies evaluating samples spanning a large age range. [4] [5] [6] Therefore, within the narrow age range investigated in our study, there is evidence that the beginning of the eighth decade may be a key point when brain aging undergoes a transition from a profile of degeneration predominantly in the neocortex to a pattern of involvement of phylogenetic older brain structures in the medial temporal region.
Sex Differences in rGM Volume Changes with Aging
As predicted, the subdivision of our sample by sex resulted in specific VBM-based patterns of regional volume changes in men and women. This indicates that sex-specific brain changes with aging, previously detected at earlier stages of life, [9] [10] [11] 30 are still present during the seventh and eighth decades of life. Our observations reinforce the view that findings of age-related GM changes from previous neuroimaging studies of brain aging in samples mixing male and female subjects may be related to sex-specific patterns of age-related volumetric changes.
As to our VBM-based significant negative correlations involving neocortical areas, the separate analyses of male and female subgroups revealed that the findings of GM affecting the temporal neocortex detected in the overall sample were due to volumetric changes specifically in men. Conversely, sex-specific foci of rGM preservation were found in the temporal neocortex in females, involving the inferior and middle gyri. The latter findings are consistent with the results obtained recently by Fujimoto et al, 30 who reported a significant metabolic decrease in temporal lobe regions in men in contrast to age-related linear increases in women from the third until the fifth decades of adult life. Finally, accelerated GM decline in the dorsomedial frontal and orbitofrontal cortices appeared as a specific pattern of the male subgroup in the present study. The latter findings are consistent with a recently published study by Cowell et al, 10 which found age-related volume decrements in orbitofrontal regions selectively in men between the third and the eighth decades of life. Our results highlight the fact that sex differences in patterns of prefrontal cortical GM decline due to aging are more often recognized in studies of samples with narrow age ranges [10] [11] [12] than in studies focused on the entire lifespan.
According to a variety of studies, sex hormones may play a role in the emergence and maintenance of limbic and neocortical structure and patterns of neurocognitive activation in women. 31, 32 Our findings suggest that in elderly women, the rate of rGM atrophy does not differ significantly from the overall GM change, thus leading to a lack of significant findings of accelerated regional brain atrophy in specific regions after correction for global GM changes. Therefore, some of the results of our study might be interpreted in the context of a differential influence of these hormones on GM volumes in men and women up to the later stages of the lifespan, with progressively lesser protective effects after menopause, possibly leading to more accelerated GM loss in the very old brain. Conversely, given the lack of hormonal protective effects in men, their age-related global GM decrements would take place more continuously and in a linear fashion through the lifespan. 32 This would help to explain why the profile of accelerated GM loss in the temporolimbic cortex emerged exclusively in men in our study.
Methodologic Considerations
A potential factor that could have influenced the results of our study was the inclusion of subjects with conditions that may affect brain volumes through vascular changes such as hypertension and diabetes. 33 However, because we aimed to investigate brain volumetric changes in a representative sample of cognitively healthy elders, the exclusion of subjects with such prevalent chronic diseases would lead to results that might not reflect the reality of the overall elderly population. To control for the effects of these diseases in our findings, we accounted for their influence both in the VBM and region-ofinterest analyses by covarying results to FCHDR scores. Therefore, our results are likely to truly represent normal neuroanatomic variations rather than being secondary to cerebrovascular pathology.
One limitation of our study is the use of a cross-sectional design, whereby correlations between GM and age at single time points across a sample of subjects of different ages are used to make inferences about how aging affects brain structure. The approach of limiting the age span in our study minimized the possible bias seen in other cross-sectional investigations, but it also made our statistical analysis less sensitive to brain volumetric changes in the period studied. Therefore, replication of our findings is warranted in longitudinal studies, with serial MR imaging measurements acquired with time in the same subject samples.
Conclusions
This cross-sectional population-based VBM study provided evidence that, within a narrow age range of healthy elderly life, patterns of age-related GM loss are variable across separate neocortical and temporolimbic brain regions, in a distinct manner from earlier stages of life and under considerable influence of sex differences. Although female subjects displayed a more homogeneous pattern of GM change, there were more selective foci of accelerated GM loss in men, involving the temporal neocortex, the prefrontal cortex, and the medial temporal region. Such patterns of age-related GM changes confirm and extend findings obtained in previous MR imaging studies conducted in high-income countries. The detection of such specific profiles highlights the complexity of the degenerative processes that affect the human brain across the life span and provides a framework that may contribute to a greater understanding of the neuropathologic features associated with degenerative disorders.
